We developed and clinically test a new method to manufacture mature dendritic cells for autologous cell therapy of solid and hematological malignancies.
Background
We describe a novel, clinical-grade, fully matured monocyte-derived dendritic cells (DC) pulsed with a cocktail of immunogenic tumor peptides, able to induce specific T-cell responses in vitro and in vivo.
DC are the most powerful regulators of immunity: they are essential to initiate and control T-cell activation towards specific antigens. Cancer immunotherapy based on the adoptive transfer of DCs benefit from the ability of these cells to orchestrate cytotoxic lymphocytes and natural killer cells response against tumors [1] . Phase 3 trials with DC have been conducted mostly in patients with melanoma, prostate cancer, glioma, and renal cell cancer [2] , although they are applicable to patients suffering from any other malignancy. DC immunotherapy has been shown to be safe in several studies [3] [4] [5] [6] [7] [8] [9] [10] . Along with such an optimal safety, which is superior to that of chemotherapies and of many other immunotherapy options, DC can trigger tumor antigen-specific cytotoxic lymphocytes that are able to identify and eliminate cancer cells [11] . The majority of the clinical studies originated from prostate cancer and renal cell carcinoma, which showed that DC adoptive transfer elicited Tcell tumor responses in more than 50% of subjects (and up to 70%) [10] . Despite their safety and demonstrated immunogenicity, DC therapies have also shown poor objective clinical response [12] . A comprehensive meta-analysis on DC therapy for melanoma, prostate cancer, malignant glioma, and renal cell carcinoma demonstrated that the clinical benefit (complete or partial response), afforded by DC-based therapies was statistically significant but small (7-10%) [2] . Limited objective response is generally accompanied by limited prolongation of overall survival, as shown by the phase 3 trial of Sipuleucel-T which nevertheless was deemed sufficient by the FDA for approval in 2010. Median overall survival was prolonged by about 4 months, with only about 5% of the patients showing objective response [13] .
It is evident that DC therapies have a great potential for the treatment of cancer, but there is still substantial need to improve their efficacy. The main areas for improvement include DC activation and their Cytotoxic T Lymphocyte (CTL) activation potential. The majority of clinical trials have been conducted with "first-generation" DC, mainly DC-enriched vaccines, such as Sipuleucel-T, where immature, interleukin-4 (IL4) monocyte-derived DC were used [1] . While clinical benefit has been demonstrated with such immature DC, results from the major prostate cancer, melanoma, and glioma trails indicate that mature DC are superior in terms of clinical outcome [10, 14, 15] . Finally, the ability of DC to induce the CTL response is a relevant factor influencing clinical activity [2, [16] [17] [18] . These are directed against antigens used to load the immature or mature DC in vitro. The effectiveness of DC is therefore influenced by the immunogenicity of the selected antigens, while its safety depends on their expression pattern, which ideally should be restricted to the tumor. We have evaluated a set of antigens belonging to the cancer/testis antigens (CTA) family in solid and hematologic malignancies. Basing on previous studies from our group and others, we have selected a panel of 5 antigens, namely SP17 [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , AKAP4 [31] [32] [33] , PTTG1 [29, 34] , Ropporin-1 [35, 36] , and Span-XB [37, 38] as targets for our vaccine. We have identified Tumor-Associated Peptide Antigens (TAPAs) within the structure of the above-mentioned CTAs, predicted to have the highest binding affinity to HLA-A and HLA-B molecules, using the proprietary artificial neural network Diamond™. Positions and sequences of the TAPAs are as follows: SP17 (103-111) ILDSSEEDK, AKAP4 (150-159) YADQVNIDY, PTTG1 (70-79) ATEKSVKTK, Ropporin-1 (113-122) FTEEIEWLK, Span-Xb (86-94) DQMEEEEFI.
With the goal of developing "next generation" DC vaccine, to improve the current "state of the art" DC formulations, we developed BSK01™, an intra-dermal, autologous DC vaccine. We report in vitro, ex vivo, and preliminary results of a phase I clinical study, demonstrating the feasibility of generating a nextgeneration DC vaccine, its safety, immunogenicity and clinical response in a patient with refractory, metastatic pancreatic cancer.
Methods

Isolation of peripheral blood mononuclear cells PBMCs
Peripheral blood from 3 healthy donors (obtained from the Gulf Coast Regional Blood Center, Houston, TX, USA) was subjected to Ficoll-gradient purification method. PBMCs were counted by the trypan-blue exclusion method, and suspended in CellGro® DC Medium (CellGenix, Newington, NH, USA). 7 × 10 7 PBMCs were seeded in a T150 flask in a total volume of 35 mL DCmedium.
Generation of immature DC
To enrich the PBMCs cultures in monocytes, after 2-h incubation at 37°C and 5% CO 2 , non-adherent cells were removed from the flasks, and adherent cells were cultured in DC-medium supplemented with 800 U/mL GM-CSF and 1000 U/mL IL-4 (both from CellGenix). On days 3 and 6, half culture volume was centrifuged, discarded, and the cell pellet was suspended in fresh DC-medium containing 1600 U/mL GM-CSF and 2000 U/mL IL-4.
iDC phagocytic ability
The endocytosis assay was performed as previously described [39] . Fifty μg/mL of the endocytic tracer (Dextran 10,000 m.w. conjugated with Alexa Fluor 488, Al488-dextran) were added. Endocytosis of the tracer was halted after 30 min by rapid cooling of the cells on ice. The fluorescence intensity of the cells was analyzed by flow cytometry on a FC500 (Beckman-Coulter). Incubation of cells with the endocytic tracer on ice was used as a background control.
Maturation and pulsing
iDC were adjusted at 2 × 10 6 cells/mL in DC-medium and matured with 800 U/mL GM-CSF, 500 U/mL IL1β, 1000 U/mL TNFa (all from GellGenix), 1000 U/mL IFNα-2A (Humanzyme, Chicago, IL, USA), and 20 μg/mL HMW poly I:C (Invivogen, San Diego, CA, USA). After a 16-h incubation, mDC were pulsed with 10 μg/mL TAPAs: SP17, AKAP4, Ropporin, PTTG1, Span-Xb, or the negative control, Human Actin PepMix™ (Theracode JPT Inc., Acton, MA, USA). After 3 h at 37°C and 5% CO 2 , cells were washed with fresh DC-medium, harvested and counted.
Phenotypic characterization of mature DC mDC were washed with ice-cold DPBS once and suspended in Stain Buffer BSA (BD Pharmingen™, San Jose, CA, USA) at the density of 10 6 /mL. mDC were incubated on ice in the dark with the manufacturer's recommended amounts of the appropriate specific antibodies or isotypematched negative controls. FSC/SSC ratio was used to gate the DC population as previously described [40] . Additional file 1: Figure S1 , Additional file 2: Figure S2 and Additional file 3: Figure S3 show the purity of the mDC population. The antibodies used were the following: anti-CD1a PE (R&D Systems FAB7076P), anti-CD14 FITC (R&D Systems FAB3832F), anti-CD80 PE (R&D Systems AB140P), anti-CD83 PE (R&D Systems FAB1774P), anti-CD86 FITC (R&D Systems FAB141F), anti-CD58 PE (BD 555921), anti-HLA-DR FITC (R&D Systems FAB4869F). Dead cells were excluded through FSC/SSC gating.
CD40 activation and IL12p70 E.L.I.S.a. mDC were seeded in 0.5 mL DC-medium and stimulated for 48 h with 0.5 μg/mL Mega-CD40L (Enzo Life Sciences, NY, USA) of vehicle as previously described [41] .
Supernatants were collected and IL12p70 concentration was measured using the Human IL-12 p70 Quantikine ELISA Kit (R&D Systems).
Sterility tests
mDC were confirmed to be sterile and endotoxin-free with the following methods. Microbiology cultures were setup to grow and identify bacteria, yeast or mold in the specimen. Enriched and selective media were used to grown bacteria, yeast or mold. The sample was inoculated on blood agar (MacConkey), and Saboraud Dextrose (two plates were incubated at 36°C and 25°C). Final results on all plates for bacterial, yeast and mold Fig. 1 Endocytosis assay. a mature DC were incubated with the endocytic tracer (Dextran 10,000 m.w. conjugated with Alexa Fluor 488, Al488dextran). The amount of Al488-dextran that was taken up by the DC was measured as fluorescence intensity using a FC500 flow-cytometer. The assay was conducted at 4 C as a negative control for endocytosis. b The MFI (Mean Fluorescence Intensity) was measured in triplicate assays at 37 C and 4 C. The average net MFi (37 C -4 C) +/− 95% C.I. is shown for 3 subjects growth were evaluated after a 7-day incubation period. No growth was observed on any of the plates following a > =7-day incubation period. It was determined that the test article contained less than 10 CFU/mL.
A polymerase chain reaction (PCR) for Mycoplasma was performed using generic primers designed to amplify a conserved region in the 16S of Mycoplasma species. This primer set detects 20 different species of the above agents. 1.5 μg of DNA were amplified in a 26 μL PCR reaction for 35 cycles. Results were negative for Mycoplasma contamination.
mDC supernatants were tested using the Pierce™ LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher Scientific, Waltham, MA, USA). Results showed less than 1 EU/mL.
Cryopreserving and thawing mDC mDC were cryopreserved by centrifuging at 400×g for 10 min at room temperature and suspending the cell pellet in ice-cold, male AB normal human serum (NHS, Sigma-Aldrich) at the density of 2 × 10 6 cells/mL. One volume of ice-cold NHS supplemented with 20% W/W DMSO was dropwise added and gently mixed. The cell suspension was then loaded into CellSeal Closed-System Cryogenic Vials (1 mL/vial, Cook Regentec Indianapolis, IN). Vials were transferred in isopropanol bath-cryoboxes and allowed to cool at − 80°C overnight. The following day, vials were transferred in liquid nitrogen for extended storage. mDC were thawed rapidly (~5 min) in a 37°C thermostatic dry bath, then diluted in 10 volumes of DCmedium and counted for viability evaluation.
Clinical study
The safety, immunogenicity, and clinical activity of BSK01™ were evaluated in a Phase I clinical trial (Clinical-Trials.gov Identifier: NCT02705703). Patients were enrolled upon signing informed consent per IRB specifications (Salus central IRB, https://www.salusirb. com). BSK01™ was manufactured as described above and, after passing quality control tests (DC maturation, viability, and bioburden), it was shipped to clinical facilities in liquid nitrogen vapor phase. Cryo-preserved, autologous, matured, and TAPAs-loaded DC were thawed as described above, then immediately injected in the groin area. PBMCs were collected at baseline (before the first dose of BSK01™ was administered), and at different time points during the course of treatment (see results section), to evaluate the immune response by ELISA and flowcytometry. Imaging studies were performed at baseline and after completion of BSK01™ therapy or until therapy discontinuation. Eligible patients were those whose tumors expressed at least one of the antigenic panel described above. Patients received 3 days of subcutaneous Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) to increase bone marrow production of monocytes, and whole blood was obtained by phlebotomy for the generation of patient-specific BSK01™. Patients also received 5 days of low-dose cyclophosphamide prior to each vaccination with TAPA-pulsed mDCs to decrease T-reg activity. TAPAs-pulsed mDCs were administered at a fixed dose of up to 10 7 mDCs at least 2 days following cyclophosphamide administration. The vaccination schedule was once every 14 days via subcutaneous (SC) and intradermal (ID) injections (0.5 mL SC and 0.5 mL ID). The specific doses for the two patients described in the Results section were as follows: CRC patient, 6.8 × 10 6 DC/dose, PanC patient, 10 7 DC/dose. Lowdose GM-CSF (50 micrograms/day SQ for 5 days) was administered SC around the site of BSK01™ injection, as a vaccine adjuvant. 
Results
DC viability and phagocytic ability
Following exposure to GM-CSF and IL-4, iDC were harvested on day 7 and viability was measured by the trypan-blue exclusion method. On average, there were 2.07 × 10 7 total cells (95% C.I. = ±1.3 × 10 4 ), with 99% viability (95% C.I. = ±3%). Percent viability was calculated as number of viable cells number of vible cellsþnumber of dead cells Ã100. Analysis of the phagocytic potential ( Fig. 1a and b ) revealed that 96% of the iDC population incorporated Al488 in 30 min, showing efficient endocytic potential. On average, the MFI of cells incubated at 37°C was 6.8 times higher than that of cells incubated at 4°C.
Pulsed, mature DC showed high viability, differentiation and activation
Pulsed and matured DC (mDC) were 98.5% viable on average and showed consistent intra-and inter-subject recovery rates (75.8% of pulsed iDC were recovered on average, Fig. 2 ). Figure 2b shows the recovery and viability of mDC after freezing and thawing, demonstrating high recovery rates, which were close to 98% on average. mDC immunophenotype (Fig. 3 ) confirmed high levels of differentiation (CD80, CD86, HLA-DR) and activation markers (CD1a, CD58, CD83), while the monocyte marker, CD14 was barely detectable. Additional file 1: Figure S1 , Additional file 2: Figure S2 and Additional file 3: Figure S3 show representative flow-cytometry plots obtained with SP17-pulsed mDC. Figure 4 shows that mDC secreted IL12p70 under basal culture conditions, and that the levels of IL12p70 could be stimulated by engaging CD40 with soluble CD40L. The purity of the mDC population was between 76 and 86% of the total culture. Results were consistent across the different peptides used for pulsing, but subject 3 showed lower amounts of IL12p70 secretion. Since CD1a-positive DC represent the IL12p70-producing population of cultured DC [42] , this result is in accordance with the lower frequency of CD1a-positive mDC compared to those measured for subjects 1 and 2.
In vivo safety and immunogenicity
At the time this manuscript is submitted, a total of 3 patients with metastatic solid malignancies were treated. Two of them had refractory colorectal cancer (CRC), and one had refractory pancreatic cancer (PanC). One of the CRC patients discontinued the study before the first immunological evaluation was completed. No serious adverse events were reported. Evidence of immunological efficacy was demonstrated in all remaining patients, and evidence of clinical activity, in terms of reduction of tumor burden, was detected in the PanC patient (see below in vivo efficacy discussion). PBMCs were isolated after the third BSK01™ dose and evaluated by ELISA for the production of IP-10 and by flowcytometry for the up-regulation of the CTL marker, CD137. Figure 5 shows that post-therapy PBMCs, exposed for 48 h to the same peptides used for the patientspecific vaccine, responded to antigen recall by expressing significantly higher amounts of IP-10 and CD137 with respect to PBMCs collected at baseline. Of note, the basal response was non-zero, which is compatible with the hypothesis of the presence of a pre-vaccine, spontaneous immune response, albeit sub-optimal.
In vivo efficacy
A 73-year-old male patient with the history of a locally advanced pancreatic cancer was enrolled in the BSK01™ trial. The patient was treated with neoadjuvant gemcitabine, concurrent 5FU and radiation therapy, and consolidation 5-FU, followed by surgical resection by Whipple and splenectomy in December 2009 with indeterminate margins. The cancer eventually became metastatic and the subject underwent multiple lines of chemotherapy, Fig. 4 Production of IL12p70. The DC activation marker, IL12p70, was measured by ELISA with or without CD40L stimulation. Histograms show the average IL12p70 level measured in the mDC medium in triplicate. For each peptide stimulation, a twoway t test (alpha = 0.05) was performed to compare the mean IL12p70 production in vehicle-treated versus CD40L-treated mDC (*, 0.01 < p < 0.05; **, p < 0.01; NS, not significant) including FOLFIRINOX, Gemzar and Abraxane, and most recently Onivyde/leucovorin/5FU for progressive liver and lung metastases in August 2017. The patient received 6 BSK01 doses over 12 weeks, demonstrating a tumor antigen specific response by ELISA and flowcytometry ( Fig. 5) . Results from imaging after treatment showed an enlargement in the tumor (not considered to be pseudo-progression), and the patient then received a repeat course of Onivyde/leucovorin/5FU with the follow-up scan revealing a decrease in size of the liver and lung metastasis (Fig. 6) . Importantly, the patient's disease has remained stable for over 7 months.
Discussion
The majority of advanced-phase trials of therapeutic DCs are based on mature DC [2] . Meta-analyses in prostate cancer [10] , melanoma [14] , and malignant glioma [15] have clearly shown the existence of a significant correlation between dendritic cell activation and maturation parameters and survival outcome. Accordingly, although monocyte-derived DC differentiated with GM-CSF and IL-4 have been most widely used in clinical trials, TNFα, IL-1β, IL-6, and PGE2 matured DC have been the object of more recent investigations [2] . In the present study, we have manufactured DC through an innovative cocktail consisting of TNFα, IL-1β, IFNα, and poly I:C. Compared to the aforementioned cocktail, we replaced IL-6 and PGE2 with IFNα, and poly I:C. Although previous studies included PGE2 in the maturation cocktail [43, 44] , it was shown that DC matured with poly I:C displayed improved T-cell activation abilities compared with PGE2-matured DC [45] . While IL-6 has been often included in the DC maturation cocktail in a number of clinical trials [2] , it was shown to reduce The TAPA-specific activation of PBMCs-derived T-cells was measured by flow-cytometry by evaluating the number of CD8 + CD137+ events per 10,000 PBMCs exposed to the indicated peptides. Results show average (+/− 95% C.I.) out of triplicate measurements, obtained from PBMCs taken at baseline (before the first vaccine dose), and after the third dose of vaccine. For each peptide stimulus, a two-way t test (alpha = 0.05) was performed to compare the mean CD8 + CD137+ numbers or the mean IP-10 levels between baseline and post-third vaccine (**, p < 0.01; ***, p < 0.001; NS, not significant). The horizontal lines in the upper panels indicate the number of total CD8+ event /10,000 cells before the stimulation with the peptides in vitro (regardless of CD137 expression) DC migration and it was associated with impaired DC maturation in vivo [46, 47] . On the other hand, DC induced in the presence of IFNα were reported to have remarkably stronger T-cell activation ability than those matured without IFNα [48] . Which DC maturation markers are important for clinical effectiveness is still a matter of debate, and it may depend on tumor characteristics, but CD80, CD83, CD86, and HLA-DR are the most significant. De Vries et al. [14] found that CD83 alone as a DC maturation marker is correlated with improved clinical efficacy of the vaccine in melanoma patients, while Heiser et al. used CD83 as a DC maturation marker for their study in prostate cancer, with a total CD83 expression~11% in DC [49] . HLA-DR and CD86 were found to be good surrogates of DC maturation by Kim et al. in renal cell carcinoma, with about 90% matured DC [50] , while Su et al. indicated CD83 and CD86 as maturation markers [51] . Other studies suggest the use of a combination of CD80, CD83, CD86, and HLA-DR, along with CCR7, for a more reliable assessment of DC maturation, for example Waeckerle-Men et al. described that~50% CD83, 90% CD86, 40% CD80, and 80% HLA-DR expression had clinical benefits [52] . We therefore selected CD80, CD83, CD86, and HLA-DR as maturation markers. Moreover, we assessed the expression of the adhesion molecule, CD58 (LFA-3), since it has been shown that the interaction of CD58 with CD2 on T-cells is required for the clustering of DCs and CD4 + T cells [53, 54] . Our mDC maturation and activation protocol resulted in dramatic upregulation of CD1a, CD83, CD80, CD86, HLA-DR, and CD58, together with down-regulation of CD14. Such pattern indicates the successful generation of fully matured DC. Importantly, mDC showed excellent viability and recovery rates after freeze and thawing. The ability to produce IL12p70 under basal condition and to respond to CD40 stimulation are critical indicators of mDC potency [55] shown to correlate with patients' progression-free survival [56] . The levels of CD83 induction we obtained (over 75%) were superior to those reported by others [14, 49, 52] , further supporting potency of BSK01, as CD83 correlates with the immune response [57] and DC potency [58] . Our TAPA-based mDC preparation has several advantages over those described in previous clinical studies, where mature DC were pulsed with tumor lysates or tumor-derived mRNAs which may contain also self-antigens and immune-regulatory factors that can limit the response or can trigger toxicity against nonspecific targets, or on a limited set of tumor antigens.
The results from an early stage clinical trial in patients with refractory and metastatic solid malignancies reveled that BSK01™ was well tolerated at the dose of up to 10 7 DC for a total of six doses, and that it was capable of triggering a peptide-specific immune response.
We report here evidence of a clinical benefit in a patient with refractory pancreatic cancer, and at last follow-up, the patient's PFS was 7 months. Although we report here the positive clinical response of only 1 case, the correlation between BSK01™ therapy in conjunction with chemotherapy, has the potential to lead to the reduction of refractory metastatic lesions [59, 60] . Lastly, BSK01™ was not associated with any untoward side effects in the 2 patients treated.
Conclusions
BSK01™ represents a significant improvement over firstgeneration DC vaccines, such as Sipuleucel-T, as shown in Additional file 4: Figure S4 . Based on these encouraging results, we plan to expand our experience with BSK01™ in a Phase II clinical trial.
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